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Ex tracellular calcium concentrations markedly affect the 
pattern of proliferation and differentiation in cultured kerati-
nocytes. When medium contains 0 .1 mM calcium or above, 
the cell s lose their proliferative ability, rapidly stratify, and 
terminally differentiate. Because 1,25(0H)zD 3 (a modulator 
of Ca++ homeostas is) enhances the differentiation of kerati-
nocytes , we investigated whether a link exists between 
1 ,25( 0 H)2D 3 -induced release of inositol-1, 4,5-trisphos-
phate (Ins(1 ,4,5)P3 ) from Ptdlns ~.5-P2 and intr~cellular ca~­
cium [ Ca++]; release from keratmocytes. SpeCifically, pn-
mary cui ture of keratinocytes were loaded with fluorescence 
dye Fura-2AM (10 ,uM) and changes in fluorescence inten-
sity were monitored at the excitation wavelengths of340 and 
380 nm and emission wavelength of 505 nm. Additions of 
E xternal signals detected by surface receptors are trans-lated into an array of intracellular second messengers. N otable among these are inositol 1 ,4,5-trisphosphate (Ins(l ,4,5)P3 ) and diacyl glycerol (DAG), which consti-tute a bifurcating signal pathway that is central to con-
trol mecl~a ni sms of a variety of cell systems. The Ins(1 ,4,5)P3 that is 
released into the cytosol functions to mobilize calcium (Ca++) from 
intracellular stores [1 - 4], thereby constituting the Ins(1,4,5)P3 / 
Ca++ pathway. For instance,. the microinjection of Ins(1,4,.5)P3 
into sea urchin eggs alters calcium homeostaSIS [5 - 7] . In the hver, 
Ins(1,4,5)P3 has been shown to induce a rapid release of calcium 
from both the microsomal frac tion [8,9] and the nonmitochondrial 
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Abbreviations: 
[Caz+];: in trace llular calcium 
D AG: diacylglycerol 
DMEM: Dulbecco's modified Eagle's medium 
EGTA: ethyleneglycol-bis-(p-amino-ethylether) N ,N' -tetraace tic ac id 
Fura 2-AM: 1-(2-(5-carboxy-oxazol-2-yl)-6-amino-benzofuran-5-
oxy ]-2-(2' amino-5' -methy 1-phenoxy)-ethane-N ,N ,N' N ' -tetra-
acetic ac id , pentaacetoxymethyl ester 
HE PES: N-[2-h ydroxye th yl]piperazine-N' -[2-ethanesulfonic acid] 
Ins 1 ,3,4,5-P 4 : inositol 1 ,3,4 ,5-tetrakisphosphate 
Ins 1 ,4 ,5-P3 : inositol 1 ,4,5-trisph osphate 
1 ,25(0H)zD 3 : 10', 25-dihydroxyv itamin 0 3 
Ptdins: phosphatidy linos itol 
Ptdins 4,5 P2 : phosphatidy linositol 4,5-bisphosphate 
13-Cis- RA: 13-cis- retinoic ac id 
two agonists, 1,25(0H)2D 3 (1.2 X 10-9M) and 13-Cis reti-
noic acid (0.2 X 10-9 M), to dye-loaded keratinocytes in-
duced rapid release of[Ca++];, respectively, followed by grad-
ual return to the prestimulated state. Addition oflns(l ,4,5)P 3 
(10 ,uM) to saponin-treated (leaky) keratinocytes also re-
sulted in a rapid release of [ Ca++];. In contrast, the addition of 
inositol-1 ,3,4,5-tetrakisphosphate Ins(1 ,3,4,5)P 4 at similar 
concentrations exerted negligible effect. Taken together, 
these results support the view that 1,25(0H)2D 3-induced 
[Ca++]; release in keratinocytes may be via the Ins(1,4,5)P3 -
induced early release of intracellular [Ca++]; · This may ex-
plain, at least in part, 1 ,25(0H)zD 3 -enhanced keratinocyte 
differentiation. J Invest D erma to/ 96:134-138, 1991 
site [10] . A wide variety of other tissues, which, in response to 
Ins(1,4,5)P3 release intracel lular calcium [Ca++], include pancreatic 
acinar cells [ 11], rat insulinoma micro somes [ 12], human platelets 
[13], HL-60 leukemic cells [14], and single cells of porcine coronary 
artery [15]. The Ins(1 ,4,5)P3 is metabolized via two separate path-
ways; one depends on the dephosphorylation oflns(1,4,5)P3 by the 
lns(1,4,5)PJ-5-phosphatase, resulting in the formation of inositol 
1,4-bisphosphate (Ins(1,4)P2 ). This product is ultimately degraded 
to free inositol by other phosphatase activities [16] . Alternatively, in 
the other pathway, Ins(1 ,4,5)P3 is phosphorylated by an ATP-de-
pendent lns(1 ,4,5)P3 -3-kinase, resulting in the formation of inosi-
tol! , 3,4 , 5.-te trakisphosphat~ Ins(1,3,4,5)P 4 (17 - 19]. The potential 
role of th1s polyphosphate 111 modu lating the rel ease of [Ca++]; is 
under investigation in several laboratories [20,21]. 
A previous study in our laboratory demonstrated that the addition 
of pro-differentiating agonists 1,25(0HhD 3 or 13-Cis retinoic acid 
(13-Cis RA) into a culture of murine keratinocytes results in the 
cell s rapidly rel easing Ins(1 ,4,5)P3 [22,23]. What was not immedi-
ately clear was whether or not this rapid and transient release of 
Ins(1 ,4,5)P3 was accompanied by the release of intracellu lar calcium 
[Ca++]; stored in the cultured keratinocytes. Because a change in 
exogenous calcium is known to alter the differentiating or prolifer-
ating mode ofkeratinocytes [24] , we inves~igated : 1) whether or not 
a relationship exists between the induced release of Ins(1,4,5)P3 by 
1,25(0HhD 3 or 13-Cis RA and a change in [Ca++]; level of cultured 
keratinocytes, as determined by fluorescent changes, and 2) if so, to 
determine whether or not such a relationship is due to stimulation 
by the inositol phosphates (Ins(1,4,5)P3 and Ins(1 ,3,4,5)P4 ). 
MATERIALS AND METHODS 
Materials N eonatal Balb/c mice were purchased from Simonsen 
Laboratories (Gilroy, CA). Dulbecco 's modified Eagle's medium 
(DMEM) (Flow Laboratories, Inglewood, CA) supplemented with 
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10% fetal calf serum (Irvine Scientific, Irvine, CA) was used to 
c ulture the murine epid'ermal keratinocytes. 1 ,25(0H)2D 3 was a 
generous gift from Hoffman LaRoche (Nutley, NJ) . 13-Cis-RA 
and EGTA were purchased from Sigma C hemical (St. Louis, MO). 
Fura 2-AM, saponin, ionomycin, Ins(1 ,4,5)P3 , and Ins(1 ,3,4,5)P4 
w ere from Calbiochem (San Diego, CA) . Vitrogen 100 was from 
C ollagen (Palo Alto , CA) . 
Methods 
P reparation of Cultured M urine Keratinocytes on C011er Slips: Primary 
culture of murine epidermal keratinocy tes was established from 
n eonatal Balb/c mice according to the method ofYuspa and Harris 
(2 5]. Briefl y, mice was sterilized in ethanol and subsequently anes-
thetized on ice for 30 min. Epidermal sheets were separated from 
w hole skin by fl otation in 0.25% trypsin in Hank's balance salt 
solution overnight at 4 oc. The detached epidermal pieces were 
minced and stirred to single-cell suspension. After filtration , the 
v iability and cell concentration of the epidermal single-cell suspen-
sion were ascertained by the trypan blue exclusion technique. Cell s 
a t a concentration of 1 X 104 were initiall y plated onto a Vitrogen-
1 00 precoated glass cover slip (1.3 em X 4 em). The cells were al-
lo wed to attach for 6 h, after which they were supplemented with 
D MEM plus 10% FCS and cultured at 37"C in 5% C02 until the 
cells achieved 95% confluency in a monolayer on the cover slip. 
C ell Loading with Fluorescent Probes ar·1d Intra cellular Calcium Determi-
nation by Spectrojluorometry: T o evaluate changes in [ Ca++ ]i of 
murine keratinocytes in cultures upon agonist stimulation, the 
m ethod of T sein et al [26]using the fluo rescent dye Fura-2AM, 
w hich incorporates the concept of the dual excitation wavelength, 
was employed. Specifically, the keratinocy tes were incubated with 
Fura 2-AM (10JtM) in the presence of a trace amount of Pluronic 
F127 at room temperature for 2 h according to the procedure de-
scribed by Malgaroli [27] . Pluronic was added to facilitate the load-
ing of Fura-2AM. The Fura-2AM - loaded cells were then washed 
tw ice with phosphate-buffered saline. The coverslip with the fluo-
rescent dye-loaded cells was placed diagonally in the cuvette, as 
shown in Fig 1. Three ml of HEPES (1 0 mM buffer) that contained 
Ca++ (1 0 mM) was added to the cuvette. Changes in fluorescent 
intensity were monitored at excitation wavelengths of 340 nm and 
380 nm and an emission wavelength of 505 nm, using a Shimadzu 
RF-5000 constant temperature-regulated dual-wavelength spectre-
fluorometer. Non - calcium-bound Fura-2 fluoresces maximally at 
3 80 nM. When bound to calcium, the fluorescent maxima switches 
to 340 nm. Slit width used is 5 nm. The spectrofluorometer is pro-
g rammed to alternate the excitation wavelength from 340 nm to 
380 nm every second; all readings were recorded at 37 °C. The 
coverslip was placed at a 45 o angle against the fluorescent light to 
circumvent the inability to suspend the keratinocytes uniformly to 
the incident light. Although we cannot rule out the possibi:ity of a 
slight deviation in the energy from the fluorescence-exciting beam 
d ue to reflection, we reasoned that because all measurements (con-
trol and experimental) are conducted in exactl y the same conditions, 
any variations, if they occur, can be nullified. Experiments con-
d ucted in this manner have been remarkably consistent. A baseline 
readin g of the ratio of the fluorescent intensity at the excitation 
wavelengths of 340 nm and 380 nm was obtained prior to the addi-
tion of the various concentrations of the agonists or the inositol 
polyphosphates. 
Studies with Intact Cells: In the first series of experiments, varying 
concentrations of 1 ,25(0H)2D 3 and 13-Cis-RA were added to a 
cuvette containing Fura-2AM - loaded keratinocytes after baseline 
readings. Following treatment with each agonist, the cell s were 
treated with ionomycin (10 JIM) to establish the maximum fluores-
cent intensity level, follow ed by EGTA ( 4 mM) to attain the mini-
m um level. 
S tudies with Saponin-Permeabilized Cells: In order to determine the 
effects of Ins(1 ,4,5)P3 and its phosphorylated metabolite, 
Ins(1,3,4,5)P4 , cell s were first treated with 60 JLgjml of saponin 
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1 CULTURED KERATINOCYTES ARE TREATED WITH IOuM OF FURA-2AM IN THE PRESENCE OF PLURONIC-100 FOR 2HRS AT 37 Q:; IN DME M + 10% FCS 
~~~i~si~:~s2~"1s1~E"~P~?;'i~~f!:H~':.is 
BUFFER AND THEN SUSPENDED IN CUVETTE IN 
BUFFER WITH CONSTANT STIRRING. 
EXCITATION 
WAVELENGTH AT 
340/380nm 
FINALLY THE FLUORESENCE IS MEASURED USING A 
SHIMADZU RF-5000 DUAL WAVELENGTH SPECTRO· 
FLUOROMETER AT CONSTANT TEMPERATURE OF 37CC. 
Figure 1. A schematic representation of loading t he primary culrure of 
murine keratinocytes with Fura-2AM and the measurement of flu orescent 
changes during agonist stimulation. 
for 5 min to permeabilize and facilitate the introduction of non -
membrane-penetrating molecul es (inos itol phosphates) into kera-
tinocyte cytoplasmic compartment (1 3,29]. Following treatment 
with each inositol phosphate, the cells were treated with ionomycin 
(10 JlM) to establish the max imum fluorescent intensity level , fol-
lowed by EGTA (4 mM) to attain the minimum level. 
RESULTS 
Agonist-Induced Release of[Ca++]; · Murine keratinocytes cul-
tured at 37" C on coverslips attained 95% confluency after 48 h. 
After incubating the cells with Fura-2AM at room temperature for 
2 h, the cells were tested and shown to be viable by the Trypan Blue 
exclusion assay. The presence of Pluronic, a non-ionic detergent, 
during incubation of the fluorescent dye, substantially enhanced the 
loading of Fura-2AM into the keratinocytes. The Fura-2AM is hy-
drolyzed intracellularly into Fura-2, thus allowing the trapping of 
the fluorescent dye within the cell. Fura-2AM - loaded cells were 
was hed with HEPES buffer to remove excess dye that may have 
been trapped by the cells. The coverslip with the monolayer of cell s 
was placed diagonally into the cuvette at an angle of 45 o for effec-
tive exposure of li ght path. Fluorescent intensity was initially mon-
itored at excitation wavelengths of 340 nm and 380 nm and emis-
sion wavelength of 505 nm to attain a base line reading before the 
addition of each agonist. Addition of 1,25 (OH)2D 3 (1.2 nM) initi-
ated a rapid and transient release of [ Ca++ L, as determined by the 
ratio of the excitation wavelengths,340 and 380 nm (Fig 2A). The 
1,25(0HhD 3 effect was dose-de pendent (Fig 2B) w hen higher 
concentrations were tested on the agonist-trea ted cell s (data not 
shown). In separate experiments, we investigated whether the addi-
tion of increasing concentrations of 1,25(0HhD3 to fres hl y pre-
pared cells would reveal results similar to those in T able I. Our 
results revea led that response of the cell s were similar (data not 
shown). Similarly, addition of13- Cis-RA (0.2 nM) to keratinocytes 
in the cuvette caused a rapid and transient release of [ Ca++ ]i (Fig 
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F ure 2 Induced release of [Ca++]; from cu lture murine kcrati nocytes by 
1 ~5(0H)2D 3 • (A) the effect of 1 ,25(0H)2D 3 (1.2 nM) in inducing calcium r~lease from cultured keratinocytes; (B) dose-dependent effect of 
1 ,25(0H),D 3 . 
3A). Higher concentrations of 13-Cis-RA on agonist-treated cell s 
did not induce any further changes m the level of calcmm (Ftg 3B). 
To gain quantitative information on the cellul ar C~ r_:!eased, 
the [Ca++]; was calculated by the formula (Ca ); :- Kd X 
(R - R . )/ (R - R) where Kd is based on the assum~non that nun m-ax 1 
Ca++- Fura-2AM interac tion is 225 nM (26). The dose- ependent 
re lease of (Ca++); after cellul ar chall enge with 1 ~25(0H)zD 3 and 
13-Cis-RA is shown in T able lA and B, respecttvely. Max tmum 
induced (Ca++); release by 1,25(0H)zD 3 at 12 nM .was520% o~er 
baseline, whereas higher co ncentratiOn of the agomst dtd not eltcJt 
further increase. On th e oth er hand , th e addttwn of 13-Cts-RA at 
th e low concentration of0.2 nM caused a 500% increase 111 ca~ ctum 
co nce ntration over baseline. Higher concentration of 13-C ts-RA 
did not induce any furth er changes in the level of calctum. 
Table I. Effects of 1,25(0H)2D3 and 13-Cis-RA on Ca++ 
Release from C ul tured Keratinocytes 
Agonises Concentration (Ca++]; (nM) Increase• (%) 
A. 1,25(0H),D3 None 196 0 
1.2 nM 5 11 260 
12 nM 1021 520 
24 nM 410 210 
13. 13-Cis ret inoic acid None 137 0 
0.2 nM 680 500 
20 nM 680 500 
• Percent increase in Ca-H- concentration after the add ition of th e agon ises, as com-
pared to the base line level. 
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Figure 3. Induced re lease of [Ca++]; from culture keratinocytcs by 13-Cis-
Ra. (A) the effect of 13-C is-RA (0.2 nM) in inducing calcium release from 
cultured keratinocyres; (B) the dose-dependent effect of 13-Cis-Ra. 
Myo-Inositol 1,4,5-P3 -Induced Release of [Ca++]i Because 
previous studies in our laboratory have demonstrated th at both 
1,25(0HhD 3 and 13-C is-RA ca n induce rapid release of 
Ins(1 ,4,5)P3 from cu ltured murine keratinocytes (22,23], coupled 
with reports that Ins(1 ,4,5)P3 is known to induce th e mobilization 
of[Ca++); in other systems (27-31), we tested whether or not the 
addition of exoge nous Ins(1 ,4,5)P3 and its phosphorylated metabo-
lite Ins(l ,3,4,5)P 4 would elicit a change in [Ca++]; in permeabilized 
cultured keratinocyte. Addition of Ins(1 ,4,5)P3 (10 ,uM) induced a 
rapid and transient release of [ Ca++ ]i (Fig 4A). A higher concentra-
tion of Ins(1 ,4,5)P3 did not induce any furth er increase in intracel-
lular calcium level (Fig 4B). In contras t, the addit ion of 
Ins(1 ,3,4,5)P 4 at concentrations of 10 ,uM and 50 ,uM, respectively, 
did not alter the (Ca++ ); fro m the baseline leve l (Fig SA,B). To gain 
quantitative information on [Ca++]; released after chall enging the 
permeabilized cell s with the inosito l phosphates, we ca lcu lated the 
values of re leased (Ca++ ); from th e keratinocytes by the formu la 
indicated above. These va lues are shown in T able II. Ins(1,4,5)P3 , a 
hydrolytic prod uct of Ptdlns 4,5P2 and a "second messenger," en-
hanced the release of (Ca++ ); , whereas its phosphorylated metabo-
lite Ins(1 ,3,4,5)P 4 did not. 
DISCUSSION 
When murine epidermal ce lls are cultured in a medium low in Ca+t-
(0 .02- 0.1 mM), the cell s proliferate rapidly and do not stratify or 
terminall y differentiate. H owever, when the medium calcium con-
centration is raised above 0.1 mM, the cell s lose their pro li ferative 
capability and terminall y differentiate, suggesting th at th e abili ty of 
murine epidermal cells to differentiate is closely related to intracel-
lul ar ca lcium homeostas is [33). The coupling of external signals to 
membrane receptor results in earl y biochemical events, one of 
which invo lves th e transduction of signal s across the cell membrane 
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Figure 4. Induced release of[Ca++], from cultured keratinocytes by exoge-
nous Ins(l ,4,5)P3 • Cel ls were mcubated wtth 60 Jig/ ml of saponin to per-
meabdtze the keratmocyte membrane prior to the addition of the inositol 
phosphates. (A) the effect oflns(1,4,5)P3 (10 JiM) in inducing Ca++ release 
from cultured keratmocytes; (B) the dose-dependent effect of Ins(1,4,5)P3 . 
via the turnover of inositol phospholipids. This turnover results in 
the hydrolysis of Ptdins 4,5P2 and the release of two intracellu lar 
"second messengers," diacylglycerol (DAG) and inositol trisphos-
phate (Ins(1 ,4,5)P3 ). The ability ofins(1,4,5)P3 to mobilize Ca++ is 
now well documented [7- 13] . 
Although the two agonists tested in these studies, 1,25(0H)2D 3 
and 13-Cis-RA, had been shown to induce the release of 
Ins(1,4,5)P3 in murine keratinocytes [22,23]. a direct relationship 
between the release of this inosito l phosphate and [Ca++]i release 
had remained unknown. Thus, in this study, we monitored the 
changes in intracellular calcium by monitoring the changes in fluo-
rescent intensity of the cultured cells that had previously been 
loaded with the fluorescent dye, Fura-2AM. The use of this dye to 
assay for [Ca++]. has been successfully used in several studies [27-
31]. Fura-2AM has dual excitation wavelengths that alternate, de-
Table II. Effects of Inositol Phosphates on [Ca++]i Release from 
Cultured Keratinocytes 
Inositol Phosphates Concentration [Ca++], (nM) Increase" (%) 
A. lns(1,4,5) P3 None 90.5 0 
10jtM 519 570 
20 ,uM 522 570 
B . Ins(l ,3 ,4,5) P4 None 280 0 
l O,uM 280 0 
50,uM 280 0 
• Percent increase in Ca++ co ncentra tio n after th e additio n of rh c inos ito l phosphates, 
as compared to the baseline. 
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Figure 5. Effect oflns(l ,3,4,5)P4 on [Ca++], release from cultured keratino-
cytes. (A) the effect of Ins(1,3,4,5)P4 (10 JiM) on the induction of Ca++ 
release from cultured keratinocytes; (B) the dose-dependent effects. 
pending on whether the dye is bound or unbound with calcium [26]. 
This dual excitation technique provided us with a more precise 
means to determine changes in [Ca++]i through monitoring the 
ratio of the fluorescent output at the two excitation wavelengths. 
This minimizes various instrumental errors. Furthermore, because 
keratinocytes are attached onto the culture surface, it was not tech-
nically feasible to obtain homogeneous single-cell suspensions 
without having to trypsinize the cells; thus, the cells were cultured 
on coverslips as indicated in Fig 1. Despite the limitations of this 
technique to circumvent the inability to obtain uniformly sus-
pended cells in culture, our results have been remarkably consistent. 
Employing this technique, our data demonstrate that both 
1,25(0H)2D 3 and 13-Cis-RA, when added to keratinocytes in cul-
ture, induced a rapid release of [Ca++]i from the cells (Figs 3, 4). 
To determme whether or not the above effects are via the hydro-
lytic release of Ins(1 ,4,5)P3 (a "second messenger" released from 
Ptdins 4,5P2 b~ both agomsts), the addition of Ins(1,4,5)P3 to sa-
ponm-permeabt!tzed cells mduced a rapid and transient release of 
[Ca++]i (Fig 5). Although the other polyphosphorylated inositol 
phosphate (Ins(1,3,4,5)P4) has been reported to elicit calcium mo-
bilization in sea urchin eggs [20,21], our data showed that 
Ins(1~3 , 4,5)P4 does n~t induce [Ca++]i release in the permeabilized 
keratmocytes. It remams to be established, however, whether or not 
the priming of keratinocytes with Ins(1,3,4,5)P 4, followed by a 
challenge wtth Ins(1 ,4,5)P3 , can result in enhanced release of 
[Ca~]i , as has been reported in sea urchin eggs [20] . Although the 
transtent elevatton of[Ca++];, in the nM range is unlikely to sustain 
the dtfferenttatwn of the keratinocytes, it may contribute to activate 
Ca++ ~sensitive physiologic processes that open calcium channels, 
allowmg the mflux of extracellular calcium into the cell with high 
enough concentrations to initiate and sustain differentiation . Fur-
ther studies are, therefore, warranted to delineate this latter se-
138 TANG AND ZIBO H 
quence of events and the increased influx of extracellular Ca++. 
Interestingly, the opening of the calcium channels by appropriate 
intrace llular calcium ionophores such as phosphatidic acid, a phos-
phorylated product of DAG, has been suggested. 
Taken together, our data suggest that the two pro-differentiation 
agonists (1 ,25(0H)2D 3 and 13-Cis-RA) tested in these studies may 
indirectly induce the rapid and transient release of[Ca++]; in murine 
keratinocytes via the prior release oflns(1,4,5)P3 • These results are 
consistent with the transient, rather than sustained, nature of the 
Ins(1,4,5)P3 -induced Ca++ res~onse that has been reported in a 
variety of cell s [11-15,29 -31]. One possibility of the transient 
nature oflns(1,4,5)P3 -induced Ca2+ release observed in these stud-
ies may be due to rapid degradation of the Ins(1,4,5)P3 • This possi-
bility was not investigated in these studies . Our data, although 
inadequate to delineate the cellular site of the [Ca++ ); in the m~rine 
keratinocytes, are likely consistent with the suggestion that wtthm 
the intact cell only a part of the endoplasmic reticulum (ER) is 
se nsitive to Ins(1,4,5)P3 (1] and that this molecule releases only a 
small portion of the [Ca++]; content in the ER [4] . Whether or not 
the induced [Ca++]; rel eased from the murine keratinocytes is from 
the ER remains to be determined. 
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